Metals exposed to rapidly flowing seawater are fouled by microbes that increase heat transfer resistance. In this study, results of biochemical test methods quantitatively relating the biomass and community structure of the microfouling film on aluminum and titanium to heat transfer resistance across the metal surface during three cycles of free fouling and manual brushing showed that cleaning accelerates the rate of fouling measured as the loss of heat transfer efficiency and as microfouling film biomass. The results also showed that the rate of fouling, measured as an increase in heat transfer resistance, is faster on titanium than on aluminum but that the titanium surface is more readily cleaned. In three cycles of free fouling and cleaning with a stiff-bristle nylon brush, the free-fouling communities re-forming on aluminum became enriched in bacteria containing short-branched fatty acids as the cycling progressed. The free-fouling community on titanium revealed an increasingly diverse morphology under scanning electron microscopy that was enriched in a portion of the microeucaryotes. Brushing removed most of the biomass, but left a residual community that was relatively enriched in a portion of the bacterial assembly containing cyclopropane fatty acids on aluminum and in a more diverse community on the titanium surface. The residual communities left after cleaning of titanium revealed an increase in bacteria with short-branched fatty acids and in microeucaryotes as cleaning continued. No significant changes occurred in the residual microbial community structure left on aluminum with cleaning; it was, again, less diverse than that remaining on titanium. The residual communities secreted a twofold-larger amount of extracellular polymer, measured as the ratio of total organic carbon to lipid phosphate, than did the free-fouling community on both surfaces.
Metals exposed to rapidly flowing seawater are fouled by microbes that increase heat transfer resistance. In this study, results of biochemical test methods quantitatively relating the biomass and community structure of the microfouling film on aluminum and titanium to heat transfer resistance across the metal surface during three cycles of free fouling and manual brushing showed that cleaning accelerates the rate of fouling measured as the loss of heat transfer efficiency and as microfouling film biomass. The results also showed that the rate of fouling, measured as an increase in heat transfer resistance, is faster on titanium than on aluminum but that the titanium surface is more readily cleaned. In three cycles of free fouling and cleaning with a stiff-bristle nylon brush, the free-fouling communities re-forming on aluminum became enriched in bacteria containing short-branched fatty acids as the cycling progressed. The free-fouling community on titanium revealed an increasingly diverse morphology under scanning electron microscopy that was enriched in a portion of the microeucaryotes. Brushing removed most of the biomass, but left a residual community that was relatively enriched in a portion of the bacterial assembly containing cyclopropane fatty acids on aluminum and in a more diverse community on the titanium surface. The residual communities left after cleaning of titanium revealed an increase in bacteria with short-branched fatty acids and in microeucaryotes as cleaning continued. No significant changes occurred in the residual microbial community structure left on aluminum with cleaning; it was, again, less diverse than that remaining on titanium. The residual communities secreted a twofold-larger amount of extracellular polymer, measured as the ratio of total organic carbon to lipid phosphate, than did the free-fouling community on both surfaces.
The fouling of metal surfaces exposed to seawater has serious consequences for the utilization, by ocean thermal energy conversion (OTEC) systems, of temperature differences between warm surface water and cold deep water of tropical oceans. A thin microbial biofouling film increases heat transfer resistance sufficiently to prevent utilization of this vast source of renewable energy (9) . In addition, the microfouling film can complicate ecological experiments by concentrating a nutrient source on the seawater side of enclosures and lead to "bottle" effects. Consequently, it is important to study practical ways to control microfouling film formation.
Previous work has established the following sequence of events in the fouling of surfaces immersed in seawater. The initial event involves the immediate coating of the surface by biopolymers produced by organisms living in the sea; this film attracts microbes that first bind reversibly then irreversibly to the surface (7, 10, 15, 24) and form an acid polysaccharide extracellular polymeric film (13) . The microbial fouling film then attracts a diverse microeucaryotic fouling population (6, 12, 14, 16) , and, finally, macrofouling by larger eucaryotes occurs.
Because of the problem of increased heat transfer resistance caused by these microfouling films, methods that could quantitatively describe the biomass, physiological state, and community structure of the film were needed to determine and assess adequate control measures.
A suite of assays developed for examination of the estuarine detrital microbiota (3, (18) (19) (20) (21) 23) was adapted to the analysis of the microfouling film in OTEC samples. Pipe sections were re-moved from the flowing seawater for analysis of total organic carbon (TOC), examination of morphology by scanning electron microscopy, and lipid analysis after extraction of the film. From the lipid portion of the extract, the total cellular biomass (measured as the extractable lipid phosphate) was determined. Measurement of extractable lipid phosphate has been shown to correlate well with other measures of microbial biomass, such as adenosine triphosphate, muramic acid, enzyme and respiratory activities and the rates of thymidine incorporation into DNA and of lipid synthesis, and 1'CO2 release from various substrates (17) (18) (19) .
From the water phase of the lipid extraction, the adenosine nucleotides can be recovered quantitatively and measured by fluorescence after specific derivatization with chloroacetaldehyde and analyzed by high-pressure liquid chromatography. The resiliency of the adenosine energy charge of the microfouling film to anoxia has been demonstrated with this method (8) .
The major portion of the lipid fraction can then be subjected to mild acid methanolysis, and various components of the lipids can be fractionated by thin-layer chromatography, recovered, and analyzed by gas-liquid chromatography (3) . This analysis of biomass and community structure correlates the morphology of detrital microbiota modified by addition of antibiotics and nutrients (as determined by scanning electron microscopy) with analyses of mixtures of microbial monocultures and of individual organisms cultured from detritus (20) . The specific predation of the sand dollar Mellita quinquiesperforata on the benthic microbiota measured with these methods agreed with the induced changes expected from their known feeding habits (22) .
With this background, the correlation of heat transfer resistance to the biomass and the community structure of the microfouling film after manual brush cleaning cycles was examined.
MATERLALS AND METHODS Materials. All solvents were glass distilled (Burdick and Jackson, Muskegon, Mich.). Chloroform was glass distilled just before use. Other materials were described previously (3, 8, 21 Test surfaces were exposed to seawater that was pumped from approximately 2 m below the surface of the bay into a 2,840-liter fiber glass feed tank and then through the heat transfer measuring units and the sample pipe sections. Heat transfer coefficient measurements were made as previously described (4, 11) . At points B, E, and H (Fig. 1) , the inside of the entire pipe was brushed with 20 passes of a stiff-bristle nylon bottle brush that tightly fit in the pipe. At time indicated by points C, F, and I (Fig. 1 of pipe were removed, drained, purged with N2, the ends capped with rubber stoppers, frozen in dry ice, and sent to the laboratory. There was no difference in the yield of extractable lipid phosphate from samples frozen and then extracted compared with those extracted immediately after removal from the flowing seawater. In the laboratory, the pipe sections were thawed and the ends were deburred and stoppered with a specially designed device (2), designed by John Highsmith of the Florida State University Biological Science Instrument shop, that forms a chloroformtight Teflon seal to the metal inside the pipe. In essence, a stainless steel core is tightened to form the Teflon seal with the inside of the pipe. The method requires only the inside of the pipe to be deburred and the tube to be not far from round. For a 29-cm section of 2.66-cm diameter pipe, a total of 107 ml (28 ml of chloroform, 56 ml of methanol, and 23 ml of 10 mM phosphate buffer with 0.52 mM EDTA, pH 4.9) was added, and extraction was allowed to occur for 2 h at room temperature. At this time, a plug was removed and the solution was added to a 250-ml separatory funnel. Water and chloroform (28 ml of each) were added, and the solution was mixed and allowed to separate for 24 h. The chloroform phase was then filtered through fluted Whatman 2V filter paper and reduced in volume by evaporation under vacuum.
Phosphate analyses. A portion of the chloroform from the lipid extract was dried and digested with perchloric acid, and the amount of phosphate was determined colorimetrically as described (21) .
Fatty acid analysis. The lipids were recovered from the chloroform phase, subjected to mild acid methanolysis, and fractionated by thin-layer chromatography. The fatty acid methyl ester band was recovered quantitatively from the silica gel and analyzed by gas-liquid chromatography as described (3). Gas-liquid chromatography. The fatty acid methyl esters dissolved in hexane were introduced without splitting by using a Varian model 8000 autosampler with a 30-s venting time on a 50-m glass capillary column coated with Silar lOC in a Varian 3700 gas chromatograph. The oven temperature was programmed from 42 to 192°C heating for 60 min at a rate of 2°C/min, followed by a 30-min isothermal period at 162°C, and final heating for 30 min at a rate of 1°C/min up to the maximum temperature of 192°C, which was maintained until the components were eluted. The helium carrier gas was at a flow rate of 1 ml/min, and the detection by flame ionization was at 225°C. The autosampler delivered 2 tl with no carryover between samples. A typical chromatogram is illustrated in Fig. 4 . Fatty acid methyl esters were identified by comparing their elution volume on polar and nonpolar phases, before and after treatment with HBr or reduction with hydrogen, and by combined gas chromatography electron impact and chemical ionization mass spectrometry. These methods have been described previously (3) .
Fatty acid nomenclature. The fatty acids are designated as the number of carbon atoms in a chain: the number of double bonds and the position of the ultimate double bond (the bond closest to the w end of the molecule) designated as w3, A6, etc. The prefixed a, i, and A indicate anteiso, iso-branching, and cyclopropane ring, respectively.
Statistics. Analysis of variance and linear regression calculations were made by using a Radio Shack TRS-80 computer with the advanced statistical analysis 26-1705 program.
RESULTS
Change in heat transfer resistance with manual brush cleaning. Figure 1 shows the time course of three cycles of free fouling and cleaning for aluminum and titanium pipes. With each of the three cleanings, the rate of increase in heat transfer resistance increased. The time to reach a heat transfer resistance coefficient of 0.8 x 10-4 (oC x m2/watt) or 5.0 x 10-4 (ft2 x h x°F/BTU) for aluminum was 27, 14, and 11 days for the first, second, and third cycles and 27, 13, and 5 days for titanium. Titanium showed increased heat transfer resistance more rapidly than aluminum.
Morphological effects of cleaning on the microfouling film. Before exposure to seawater, both the aluminum and titanium surfaces showed a clean surface with microscopic pits, and the surfaces were cleaned with detergent and thoroughly rinsed. With exposure to seawater, a morphologically complex community formed with sheets of filaments seen at lowpower magnification and a complex assembly of organisms seen at high-power magnification on both aluminum and titanium. There was no striking or consistent difference between the morphologies of the first and third cycles on each metal (Fig. 2) . The morphology seen under high-power magnification of microfouling film on both titanium and aluminum shows the diversity.
The morphology on aluminum of the residual microfouling community after cleaning shows a progressive colonization by web-like microbes on, in, and under the corrosion gel (Fig. 3Ca and Fa). Cleaning dislodged fragments of the gel, leaving the metallic surface with some residual microbial filaments. Cleaning of titanium left a residual detritus with few recognizable microbes ( Fig. 3Ct and Ft) .
Correlation
total palmitic acid ratio, and 0.13 and 0.20 for the TOC/lipid phosphate ratio (r2 > 0.62, P < 0.01). The only measure correlating significant heat transfer resistance on both metals appeared to be that of extractable lipid phosphate, which measures the phospholipids in the membranes of the microbes (21) . However, these measures by themselves gave little insight into the community structure changes that might produce the increased rate of microfouling with cleaning shown in Fig. 1 . Consequently, a suite of biochemical measurements was performed.
Differences in microbial biomass and community structure between the first and third cycles of free fouling. The biomass and community structure of the free-fouling microbiota formed in the first and third cycles (Fig. 1 , points B and H) of free fouling on both aluminum and titanium are given in Table 2 Fig. FIG. 3 . Scanning electron micrograph ofthe microfouling film after manual cleaning ofaluminum (a) after the first (C) and second (F) cycles and titanium (t) after the first (C) and second (F) cycles. Left-hand column magnification, 210-fold; bar, 100 ,um. Right-hand column magnification, 2,100-fold; bar, 10 Figure 1 , top panel. Components used were 14:0 (1), i15:0 (2), a15:0 (3), 15 :0 (4), 16 :0 (5), 16 :1w7 (6), A1l7:0 (7), 18 :0 (8), 18 :1w9 (9), 18: 1w7 (10), 19 :0 IS (11), 18:2w6 (12) , A19:0 (13), 18:3w6 (14) , 20 Effect of cleaning on the microbial biomass and community structure. After free fouling, cleaning aluminum and titanium pipes with the stiff-bristle nylon brush decreased the heat transfer resistance (Fig. 1, points C, F, and  I) .
On the aluminum surface, comparison of the biomass of the free-fouling microbial assembly (Table 3 , point E) to the residual community after the second cleaning cycle ( (Table 4) . There were no significant differences between the residual microbial components after the first and third cleaning on aluminum.
Comparison of the residual communities on aluminum and titanium. The residual communities left after cleaning the second cycle of fouling are given in Table 3 (aluminum F versus titanium F). The residual film on titanium compared to aluminum had significantly more total lipid phosphate and greater absolute With TOC used as a measure of the total biomass and lipid phosphate used as a measure of the cellular biomass, the TOC/lipid phosphate ratio can be considered as a measure of the "extracellular biomass" (21) . The residual communities on both aluminum and titanium contained two to three times the extracellular biomass of the free-fouling communities, and the residual community left on aluminum had significantly more extracellular biomass than the community left on titanium ( Table 5 ). The extracellular polymer binding a filamentous bacterium to the aluminum surface can be seen in Fig. 5 . DISCUSSION Effect of brushing. To maintain an economically feasible ocean thermal energy conversion system, the heat transfer resistance must be maintained at a low level (<5.0 x 10-4 [ft2 x h yyy a E and F refer to samples taken as indicated in Fig. 1 . Data are expressed as the x (± standard deviation), except as otherwise indicated. Superscripts of one, two, and three letters indicate, respectively, significant differences between the means, as determined by one-way analysis of variance, at the 0.1, 0.05, and 0.01 levels within E-F aluminum (w) and E-F titanium (x) and between aluminum E versus titanium E (y) and aluminum F versus titanium F (z). (Fig. 1) . The free fouling on titanium was faster Fig. 1 . Data are expressed as the x (± standard deviation) in nanograms of TOC per nanomoles of lipid phosphate. Superscripts of one, two, and three letters indicate, respectively, statistical significance, as determined by one-way analysis of variance, at the 0.1, 0.05, and 0.01 levels for the following: titanium free fouling versus titanium residue (v), titanium free fouling versus aluminum residue (w); aluminum free fouling versus titanium residue (x); aluminum free fouling versus aluminum residue (y); and titanium free fouling versus aluminum free fouling (z).
b For i (± standard deviation), n = 12. C For x (± standard deviation), n = 4.
with each cycle (Fig. 1) , and the residual community was richer in bacteria and cellular biomass but lower in heat transfer resistance than was the residual community on aluminum with its high level of extracellular polymer plaque.
Interpretation of the lipid measures of biomass and community structure. A summary of the biomass and community structure measures used in this study is given in Table 6 .
With cycles of cleaning, the free-fouling microbial film formed on aluminum became enriched in bacteria containing the short-branched fatty acids (Table 2 ). On titanium, repeated cycles of free fouling induced a greater microeucaryotic biomass as reflected in the recoverable polyenoic fatty acids ( Table 2 ). The shifts in free-fouling communities on both metals could be the results of changes in nutrients or temperature, the results of cleaning and refouling, or both ( Fig. 1 ; Tables 1 and 2 ). Irrespective of the cause, titanium fouled more rapidly and to a greater extent than aluminum ( Fig. 1 ; Table 2 ).
Comparison of the microfouling films on aluminum and titanium that have the same resistance to heat transfer shows significantly higher lipid phosphate and total short-branched fatty acids from bacteria in the film from titanium pipes (Table 3) . Manual cleaning with the stiff-bristle nylon brush decreased the absolute amount of all components except as follows: the total palmitic acid, cyclopropane and cis-vaccenic fatty acids from bacteria and the linoleic acid (18:2X6) found in some bacteria, fungi, and algae in the film on aluminum or in bacteria containing the anaerobic desaturating pathway producing cis-vaccenic acid (18:MA7) in the film from titanium. In comparison with aluminum, brushing left films on titanium that were more enriched in absolute amounts of bacteria containing branched fatty acids and microeucaryotes containing polyenoic fatty acids and that had significantly different proportions of nearly all components than films remaining on aluminum (Table 3) .
With successive cycles of brushing, the residual community on titanium showed twofold increases in membrane biomass and in the bacteria containing short branched fatty acids (a + i 15:0), the anaerobic pathway (18:1X6), and microeucaryotes, but decreases in the relative proportions of bacterial cyclopropane fatty acid (A17:0 + A19:0) and organisms containing linoleic acid (18:2X7) (Table 4 ). Three cycles of cleaning induced no significant change in the biomass and community structure of the residual microbial assembly on aluminum. When compared to the residue on aluminum, the residual communities on titanium contained twofold more membrane biomass and microeucaryotes with a bacterial population relatively enriched in all components but particularly in the components forming the short-branched fatty acids (Tables 3 and 4 ). There were differences in the community structure in the residual film on aluminum and titanium, and the richness of the residual bacterial communities on titanium may be the inoculum for the faster fouling rates. Repeated cycles of manual brush cleaning selected a residual microfouling community enriched in bacteria that utilized the anaerobic pathway of desaturation on both aluminum and titanium and formed a film that stimulated the rate of free fouling by both bacteria and microeucaryotes.
Formation of extracellular polymers. Continued cleaning cycles over the long periods necessary for the viability of an ocean thermal energy conversion plant could select for an increasingly resistant microbial fouling community. Three cycles of cleaning in the enriched coastal waters of this experiment selected a population with twofold higher proportions of extracellular polymer measured as the TOC/lipid phosphate ratio on both aluminum and titanium surfaces ( Table 5 ). The extracellular polymer can be detected morphologically in scanning electron microscopy (Fig. 5) .
The chemical nature of this extracellular polymer, the measurements of microbial metabolic activities by incorporation and turnover of '3C-labeled precursors by gas chromatography-mass spectrometry, and the application of additional biochemical measures of community structure are the future goals of this research.
